MIany aspects of ribosomal RNA synthesis and ribosome formation in cultured animal cells have been clarified over the past several years. Ribosomal precursor RNA synthesis in the cell nucleolus' 2 is rapidly followed by methylation of the RNA. ', 4 Within 20-40 minutes of synthesis this new RNA can be detected in nuclear subribosomal particles which are precursors tocytoplasmicsubribosomal particles.' It thus becomes possible to study in detail the effects of various metabolic restrictions on ribosome formation.
MIany aspects of ribosomal RNA synthesis and ribosome formation in cultured animal cells have been clarified over the past several years. Ribosomal precursor RNA synthesis in the cell nucleolus' 2 is rapidly followed by methylation of the RNA.', 4 Within 20-40 minutes of synthesis this new RNA can be detected in nuclear subribosomal particles which are precursors tocytoplasmicsubribosomal particles.' It thus becomes possible to study in detail the effects of various metabolic restrictions on ribosome formation.
The present experiments are concerned with the effects of methionine starvation. In HeLa cells, methionine not only is an essential amino acid for the formation of protein but also furnishes methyl groups in the methylation of nucleic acid bases and of the 2'-OH group of ribose, the major site of methylation in HeLa ribosomal RNA.'7
As will be shown, in the absence of exogenous methionine, complete ribosomes are not formed. Evidence is presented that the degree of methylation of ribosomal precursor RNA is severely limited, and that this may be the factor limiting ribosomal maturation. In spite of this restriction of ribosome completion, the transcription of ribosomal precursor RNA continues. In contrast, cells deprived of valine, another growth-essential amino acid without any special function in the formation of ribosomal RNA, continue to initiate ribosomal RNA synthesis and to complete ribosomes for many hours. This is presumably due to the provision of valine via protein turnover.8 Materials and Methods.-Suspension cultures of HeLa cells (3-6 X 105 cells/ml) growing in Eagle's medium9 were starved for methionine by centrifuging cells and resuspending them, at 370, for 6 hr in Eagle's medium lacking methionine (or valine), but supplemented with 7% dialyzed horse serum. Vraline deprivation was accomplished by 15 hr incubation in medium lacking valine but supplemented with 7% normal serum. Starved and control growing cultures were labeled with C'4-uridine or -adenine (both 30 4c/humole, New England Nuclear Corp.) at 0.15 ,gc/ml for 2.5 hr (CL4-uridine) or 6 hr (C'4-adenine). Growing cells were labeled with C14-methyllabeled methionine by first growing cells in the presence of 10-4 M adenosine for 24 hr, then removing the cells from growth medium and resuspending them in methionine-free medium to which adenosine and CL4-methyl-labeled methionine (0.4 ,c/ml, 14 Lc/smole) were added. The inclusion of adenosine prevents the use of -CH3 groups of the methionine in synthesis of purines. AMethionine-starvel cells to be labeled with p32 were centrifuged from the starvation medium after 6 hr, resuspended and incubated for an additional 6 hr in medium lacking the normal P04 as well as methionine but containing dialyzed serum and 0.13 mc/ml of carrier-free P3204.
RNA extraction and sedimentation analysis: Cells were fractionated into cytoplasm, detergent cleaned nuclei, nuclear supernatanit fraction, and nuclear pellet (tuicleolar) fraction by methods previously described ill detail."0 "1 The RNA of cytoplasmic extracts was released by SDS (sodium dodecylsuLlfate) treatment (fiiial coiocn. 1(), and analyzed by sucrose gradient zonal sedimeiitatioii as previously described., The (letergelot rinse of the nuclei, containing less than 20% of the cytoplasmic 1{NA, was analyzed separately and showed the same labeling pattern in its RNA as the bulk of the cytoplasm during both methionine and valine deprivation. Nucleolar RNA from labeled cells was released for sedimentation analysis by dissolving the nucleolar pellet PROC. N. A. S.
in 0.5 M urea, 0.5% SDS, 0.01 M sodium phosphate, pH 7.2. The total RNA of the nuclear supernatant fraction after C14-uridine and C14-adenine labeling, and the RNA of all cell fractions after C'4-methyl-methionine labeling, was extracted with hot phenol-SDS' before alcohol precipitation and subsequent sucrose gradient analysis. Nuclear ribosomal precursor particles were detected as described previously' by sedimentation analysis of the nuclear supernatant fraction without prior deproteinization. DEAE column analysis of alkaline RNA digests: RNA was precipitated from appropriate regions of sucrose gradients with ethanol, rinsed with 70% ethanol, dried, and digested in 0.33 M KOH for 20 hr at 37-37.50C. The digest was desalted on a CM-Sephadex column (15 mg dry CM-Sephadex for 100 ,ul of 0.33 KOH) and applied to a 0.6 X 20-cm column of DEAE-cellulose (Mann Research Laboratories, Inc.) prepared as described by Tomlinson and Tener.11 Elution of the column was carried out with 60 ml of 7 M urea with a linear gradient from 0.11 M Tris-HCl, pH 7.8, to 0.2 M NaCl, 0.1 M Tris-HCl, pH 7.8. Fractions of approximately 1 ml were collected during the elution and mixed with 20 ml of Bray's scintillation fluid'3 for counting in the Ansitron counter. A white precipitate which formed on cooling the sample vials neither caused appreciable quenching nor affected reproducibility of counting.
Results.-The labeling of cytoplasmic and nuclear RNA in cells deprived of methionine or valine: Preliminary studies showed that HeLa cells incubated for six hours in medium lacking methionine and supplemented with dialyzed serum incorporated C'4-leucine at 20-30 per cent the rate of control cells, consistent with the endogenous protein turnover rate of approximately 1 per cent per hour.8 The same condition was reached by incubating cells for 15 hours in medium lacking valine, supplemented with normal serum. Figure 1 (A-C) shows that under these circumstances, and in the absence of net growth, cells deprived of methionine or valine continue to form nucleolar 45S RNA, the precursor to cytoplasmic 28S and 16S rRNA." 2 The large amounts of radioactive 32S RNA present in the nucleoli indicate that the 45S RNA made during methionine and valine deprivation is cleaved to yield 32S RNA." The UV absorption profiles of Figure 1A , B, and C
show that in the cells starved for either of these essential amino acids the nuclei exhibit no striking change in the amounts of 45S and 32S RNA compared to control cells. However, in cells deprived of methionine virtually no radioactivity flows from newly made 45S RNA into cytoplasmic 28S and 16S rRNA; the sedimentation profile of radioactive cytoplasmic RNA, after 2.5 hours' labeling, is essentially that of messenger RNA14 (Fig. 1G, I ). By contrast, Figure 1H shows that in valinedeprived cells ribosomal rRNA continues to flow into the cytoplasm. Additional experiments to be reported elsewhere have shown that while ribosome formation continues in valine-starved cells the rate is less than that in growing cultures. Blockage of the synthesis of large ribosomal subunits is virtually complete in methionine-deprived cells. Insignificant amounts of radioactive 28S rRNA are found in the cytoplasm, even if the 60S subribosomal particles, in which 28S rRNA first appears in the cytoplasm,'4 are examined for newly formed 28S rRNA. In addition, the nuclear 50S subribosomal particles5 of methionine-deprived cells contain little radioactivity compared to control cells or valine-starved cells (Fig. 1D-F ). This suggests that in methionine-deprived cells the manufacture of large ribosomal subunits is blocked in the processing of 32S RNA in the nucleolus.
When radioactive 45S RNA is cleaved in control cells, approximately three times as much 32S RNA as 16S RNA is formed,"5 consistent with their estimated molecular weights. On the basis of the radioactive 32S RNA in the nucleoli, it can be estimated that not more than 10 per cent of the 16S RNA formed by the cleavage of 45S RNA can be found either in nuclear subribosomal particles or in cytoplasmic rRNA. Therefore the bulk of the newly formed 16S rRNA appears to be degraded during methionine deprivation.
Base composition of nucleolar 45S and 32S RNA made during methionine deprivation: The identification as ribosomal precursor RNA of the nucleolar RNA species labeled in methionine-deprived cells was confirmed by labeling such cells with p32. The base compositions'6 of 45S and 32S RNA peaks isolated by zonal sedimentation were similar to those of control cells,'7 i.e., G + C values of 66.3 and 65.6 per cent for 45S and 32S RNA, respectively, from methionine-deprived cells.
Assay for 2'-0-methylation of 45S and 32S RNA of methionine-deprived cells: The inability of methionine-starved cells to process ribosomal precursor RNA into complete ribosomal subunits might be a consequence of undermethylation of the precursor RNA. Methylation of rRNA has been determined in several laboratories by using methionine radioactively labeled in its S-methyl group as the source of labeled methyl groups.6' 7 This is obviously not feasible in cells starved of methionine; however, another assay for the extent of methylation is available. A large fraction of the methylation of rRNA in HeLa cells is on the 2'-OH group of ribose,7 which makes the adjacent phosphodiester bond resistant to alkaline hydrolysis. (sufficient to destroy the most resistant normal internucleotide bond,'8 ApA), and the resulting hydrolysate was analyzed by DEAE cellulose chromatography for quantification of label in mononucleotides compared to dinucleotides. Use of the urea-salt gradient described by Tomlinson and Tener12 gave a highly reproducible elution pattern of the different nucleotide components. Figure 2 illustrates two typical chromatographic separations with hydrolysates of 32S RNA from normal growing cells labeled separately with C'4-uridine and C14-methyl-methionine. Although only 1.1 per cent of the pyrimidine label elutes as alkali-resistant dinucleotide ( Fig. 2A) , it is clearly separable from the peak of alkali-released mononucleotides. Figure 2B shows that 82 per cent of the methyl label elutes in the position of dinucleotides. Methyl-labeled peaks in the elution range expected of the trinucleotides are also seen in Figure 2B . It should be noted that uridine-or adeninelabeled peaks in the trinucleotide area might be wholly or in part nucleoside diphosphates, and are thus not considered in the following discussion.
A summary of the distribution of methylation in the mono-and dinucleotide components of hydrolysates of 16S, 28S, 32S, and 45S RNA of normal control cells labeled with C'4-methyl-methionine is given in Table 1 . These data confirm that the methylation of all four species is largely 2'-O-methylation.
With the establishment of this assay for the extent of 2'-O-methylation in RNA molecules labeled with nucleoside precursors, it became feasible to investigate the extent of methylation of 45S and 32S ribosomal precursor RNA molecules formed in methionine-deficient cells. Table 2 presents the data on alkali-resistant dinucleotide content of 45S and 32S RNA of normal control cells and methioninedeprived cells which had been labeled with either C14-uridine or C14-adenine. The 45S ribosomal precursor RNA from control cells contained approximately five times as many alkali-resistant dinucleotides, i.e., 2'-O-methyl groups, as did the 45S RNA from the methionine-starved cells. The 32S ribosomal precursor from the normal cells similarly had about three times as many 2'-O-methyl groups as that in the methionine-starved cells (Table 3) .
Maturation of submethylated ribosomal precursor RNA on reversal of methionine deficiency: The foregoing results raise the question of whether undermethylated ribosomal precursor RNA might be "rescued" by further methylation and process- Trace adenine * Electrophoretic analysis of alkali-hydrolyzed 28S rRNA showed that after 24 hr C"-uridine labeling, the uridylic and cytidylic acids had, within 5%, the same specific activities while after 24 hr C'-adenine labeling the specific activity of guanylic acid was approximately 90% that of adenylic acid.
t Electrophoretic analysis of alkali-hydrolyzed 45S RNA showed that the conversions of radioactive uridine to cytidine and of radioactive adenine to guanine occurred at the same rate in methionine-deprived and growing cultuxes.
ing into cytoplasmic ribosomes, subsequent to a reversal of niethionine deprivation. Since 45S RNA is the state at which methylation normally occurs in HeLa cells, it is of special interest to know whether undermethylated 328 RNA could be further methylated in a "reversal" experiment. Accordingly, H3-uridine was added to a culture of methioniine-deprived cells five minutes before actilnomycin D was added to stop further RNA synthesis; C'4-methyl-methionine was then added to reverse the methionine deficiency. Figure 3 shows that within nine minutes C'4-methyl groups could be detected not only in 45S RNA but in 32S RNA as well. After actinomycin treatment there is no further incorporation of methyl groups into RNA by normal, growing cells. 4 The results of Figure 3 with methionine-deprived cells strongly indicate that the undermethylated RNA which accumulates during methionine starvation can be methylated without further RNA synthesis. Such a result suggests that the methylating enzymes recognize specific sites on the RNA, independent of its length or state of processing.
Further, Figure 3F shows that by 90 minutes at least some of the undermethylated molecules which become labeled on the addition of C14-methyl-metihionine are processed into ribosomal RNA which reaches the cytoplasm.
Extent of methylation of HeLa cell rRNA: In previous studies6' 7 the extent of methylation of HeLa cell rRNA has been estimated by comparing the specific radioactivity of RNA isolated from cells exposed to C'4-methyl-methionine for several days to the known specific radioactivity of the methionine methyl groups. The figures arrived at by Wagner et al.7 from such an estimate are 18 and 12 methyl groups per thousand nucleotides for the 16S and 28S rRNA, respectively. The present experiments permit a calculation in an entirely different manner. From Table 1 , the ratio of methyl groups on bases to those on 2'-OH groups of ribose is known for both rRNA species. Table 2 gives the percentage of total radioactivity in alkali-resistant (methylated 2'-OH) dinucleotides for both 16S and 28S rRNA labeled with C14-uridine or C14-adenine for 24 hours, by which time transient effects due to labeling with a single purine or pyrimidine have become minimized. From the data in Discussion. The results of this study bear upon the role of methylation of rRNA, and upon the broader question of the control of ribosome synthesis. The analytical data presented in Table 2 and the results of the "reversal" experiment shown in Figure 3 suggest that a lack of required methyl groups is the direct cause for the failure of methionine-deprived cells to synthesize ribosomes from newly made 45S precursor RNA. The present results do not reveal whether the methylation required for the assembly of ribosomal subunits is 2'-O-methylation, base methylation, or both. It is, however, clear that (1) the methylation of 45S RNA need not be complete for the initial cleavage which results in the formation of 32S RNA;' 11 (2) the 16S rRNA which results from this cleavage is lost; and (3) the processing of undermethylated 32S RNA into cytoplasmic 50S ribosomal subunits is blocked.
An additional observation from the analytical data is that in growing cells the extent of 2'-O-methylation is significantly higher in 32S RNA than in 45S RNA, despite the fact that (a) 16S rRNA is even more heavily 2'-O-methylated than 28S rRNA, (b) methylation occurs virtually exclusively at the 45S RNA state,3' 4 and (c) the methyl groups of 45S RNA are conserved in the processing to 16S and 288 rRNA.7 These results indicate that a significant part of the 45S RNA molecule containing little or no 2'-O-methylation does not become rRNA, a conclusion in agreement with the recent suggestion of E. 'McConkey and J. Hopkins (personal communication).
With respect to control of ribosome synthesis, the present experiments indicate that in HeLa cells ribosome synthesis is not efficiently regulated at the level of transcription of ribosomal RNA, i.e., 45S RNA. On prolonged methionine deprivation, 45S RNA continues to be synthesized, despite the fact that the various nuclear ribosomal RNA precursors do not accumulate and ribosomes do not form. A similar continuation of rRNA precursor transcription in the absence of successful ribosome maturation was also observed in cells treated with puromycin. 15 It is concluded that in these instances the rRNA precursor molecules are being degraded at a rate comparable to their rate of formation. Whether normal cells which are not growing produce excess ribosomal precursor material is an interesting but at the moment untested possibility.
